perform the action oneself. Predictive accounts of the motor system propose that we employ 145 our own motor system using an internal, feed-forward model to predict the behavior of other 146 people we observe (e.g., Kilner et al., 2007b) .
147
In the context of embodied accounts of action observation, the motor system observation (for a review, see Hopper, 2010) . These behavioral studies employed the use of a 153 so-called 'ghost display', a method in which objects appear to move on their own with no 154 agent intervention. In the current study, we adopted the ghost-display method to test the 155 hypothesis that the learning advantage when observing another human, relative to a non-156 agent ghost display, extends to action predictions based on statistical learning.
The role of effects in continuous action sequences 158
Goal-directed actions typically result in perceivable effects, such as the sound of a 159 whistle as it is blown. Through repeated observation, these effects become linked to the 160 actions that consistently precede them and create 'bidirectional action-effect associations' 161 (Elsner & Hommel, 2001 ). Prior research suggests that it is the effects of actions themselves 162 that people anticipate when planning their own movements (Hommel, 1996) . In the field of implicit learning research, action-effects have been shown to enhance implicit sequence 164 learning when participants own motor responses result in predictable action-effects (e.g., 165 Haider, Eberhardt, Esser, & Rose, 2014) . Recent work suggests that they may also be 166 particularly important for transferring learning from implicit into explicit awareness (Esser & 167 Haider, 2017a , 2017b ). These findings demonstrate that action-effect associations likely play 168 a central role in establishing the contextual knowledge needed for making action predictions.
169
Though much of this work has investigated action-effects in sequence learning of motor 170 responses (e.g., using the standard serial reaction time task), there is also evidence to suggest 171 that action-effects also guide our predictions during observation alone (Paulus, van Dam, 172 Hunnius, Lindemann, & Bekkering, 2011).
173
How do sensory effects influence observers' sensitivity to statistical regularities when 174 they are embedded within continuous sequences, as is the case during daily real-life 175 perception? Based on ideomotor theory (James, 1890 ) and the related action-effect principle 176 (Hommel, 1996) , observers should be better at learning action contingencies when they are 177 paired with an effect even when they do not produce the effects themselves. A matter that has 178 not received much attention, however, is the fact that non-action visual events also result in 179 sensory effects, such as a crashing wave. So far, we have defined effects as action-effects to 180 be consistent with prior research, but it is possible that sensory effects lead to similar 181 bidirectional associations in any form of perceptual sequence. In fact, another recent theory 182 (Schubotz, 2007) suggests that prediction of sensory effects occurs within our sensorimotor 183 system and can be generalized to any form of perceptual event, whether action or not. On the 184 other hand, as we described above, evidence for enhanced learning from observing action 185 suggests action-effects should be perceived and learned qualitatively differently than the 186 effects of non-action perceptual events. In the current study, we manipulated whether observed effects for action predictions. The central focus of this study was to investigate whether observers spontaneously 191 exploit statistical information in continuous action sequences to predict upcoming actions.
192
Our experiment included two manipulations in order to target two primary components of 
Stimuli

210
Participants' eye movements were recorded with a Tobii T60 eye-tracker (Tobii,
211
Stockholm, Sweden) with a 17" monitor. Participants sat approximately 60cm away from the screen. Stimuli were presented with Tobii ClearView AVI presentation software and sounds 213 were played through external speakers.
214
Participants observed a full-screen (1280x1024 pixels) film of a sequence involving a 215 multi-object device that afforded six unique manipulations and a central, star-shaped light 216 (Figure 1) . To avoid confusion, we will subsequently refer to the individual object 217 manipulations in the sequence as 'events', as in one condition they were human actions and 218 in the other they were object movements. The movies were filmed with a Sony HandyCam 219 video camera and edited using Adobe Premiere Pro Cs5 software. The same device used 220 during filming was presented to participants before and after the observation phase. 
Sequence
228
We constructed four pseudo-randomized sequences, using the program Mix (van
229
Casteren & Davis, 2006). All sequences contained two deterministic pairs (transitional 230 probability between events = 1.0), labelled 'Effect' and 'No-effect' pairs (described in more detail in the following paragraph). The second event of each deterministic pair was labelled a 232 target, as these were the events that became predictable as the sequence unfolded. All other 233 possible random pairs occurred with equal frequency (transitional probabilities between 234 events = 0.167; Figure 1B) . No event or pair could occur more than three times consecutively.
235
All pairs and random events occurred 12 times (targets thus occurred 12 times within pairs 236 and 12 times outside of pairs). In total, participants viewed 24 deterministic pairs (12 Effect The 'Effect pair' caused a central star to light up, whereas the 'No-effect pair' caused 244 no additional effect. We will subsequently refer to the second events of both pairs as targets, 245 as these were the events that became predictable as the sequence unfolded. The effect onset Figure 1A) .
249
Targets could also occur elsewhere in the sequence outside of the deterministic pair 250 (see Figure 1B) . In these instances, the effect never occurred. This ensured that the second 251 event did not independently predict the effect, and observers were required to learn the two-252 step pair structure to accurately predict the effect. 
Agent condition
263
In the Agent condition movies, a hand manipulated the stimulus objects in a 264 continuous sequence. For each action, the hand entered the screen closest to the object on 265 which it acted. Each action was exactly three seconds in duration with a one-second pause 266 between actions during which the hand was off-screen and only the stimulus was visible. 
Ghost condition
268
In the Ghost condition, the objects appeared to move on their own with a spotlight 
Procedure
283
Participants were first seated at a table upon which the stimulus device was placed.
284
The side facing each participant was counterbalanced. Participants were told they would First, the eye-tracker was calibrated using a standard 9-point calibration sequence provided 291 by Tobii Studio software. Calibration was repeated until valid calibration data was acquired 292 for at least eight calibration points. Following calibration, participants were shown one of the 293 eight stimulus sequences. They were told that they would be shown a video but were not 294 given specific viewing instructions.
Immediately after the observation phase, participants returned to the table and were 296 told that they could freely interact with the stimulus for one minute (this duration was based 297 on pilot testing). Participants were given no instruction, as our aim was to investigate whether analysis. Regions of interest (ROI) of identical size were defined around each object (250x250 square pixels), and a smaller ROI (130x130 square pixels) was defined around the 320 light (due to its smaller size relative to the objects).
321
For the Agent condition, fixations were considered predictive if they occurred in the 322 time window from when the actor's hand entered the screen to perform the first action of a 323 pair until the frame before it reappeared for the target action (Figure 2 ). This corresponds to 324 the time in which the participant had enough information to predict the next action before its 325 onset. For the Ghost condition, this time window was defined from the moment the spotlight 326 highlighted the first object until the frame before the light shifted towards the second object 327 of a pair. Time windows were identical in length in both conditions. As the main aim of this 328 study was to examine prediction, only predictive gaze fixations were included in our analyses 329 (i.e., we did not examine reactive fixations).
330
To assess predictive gaze during observation, we compared proportions of fixations to Participants' self-produced action sequences were coded from the videotape 372 recordings. Each object manipulation was counted as a single action. We calculated the 373 conditional probability of performing the second action of a pair (B), given performance of 374 the first action (A), to account for variation in the overall length of participants' sequences.
375
Conditional probability was defined as: 
Implicit learning measure I: Correct vs. incorrect locations
395
Our primary learning measures in each condition are presented in Table 1 . Condition (between-subjects), Trial (within-subjects), and Pair (within-subjects) were entered 421 as predictors in a factorial model. In this analysis, the first trial was included (in contrast to
422
Learning measures I and II).
423
The GEE analysis yielded significant main effects of Trial (χ2 (11) To investigate whether action execution was related to anticipatory looking behavior,
483
we correlated the proportion of correct target fixations (Eq. 1) and the conditional probability Note. Diff(Pa-Pb) indicates the difference between the proportions of participants in the Agent and Ghost
519
conditions. *denotes statistically significant difference between the two sample proportions (p < .05).
521
Discussion
522
The current study investigated whether observers can learn statistical regularities Across conditions and pairs, participants demonstrated a robust tendency to predict 531 correct relative to incorrect locations. They also predicted the target more frequently during 532 deterministic relative to random transitions between events. In other words, they looked to 533 where a target event was statistically likely to occur next, and they looked to the targets 534 selectively when they were likely to occur next relative to when they were unlikely to occur 535 next.
536
When examining correct predictions over time, an interaction effect between these 537 two manipulations emerged: participants appeared to learn the regularities best when they 538 observed an actor produce an action-effect. In addition, different patterns emerged between 539 the Agent and Ghost conditions for implicit and explicit learning outcomes, as measured by 540 visual anticipations, action performance, and verbal knowledge of the pair structure.
541
Specifically, observing actions in the Agent condition did not seem to uniquely benefit 542 predictive gaze performance relative to observing visual events in the Ghost condition; 543 however, it did increase reproduction of the action pair and verbal knowledge about the pair 544 structure. Importantly, these differences were apparent only for the sequence pair which 545 resulted in an action-effect. One explanation for these patterns is that action-specific 546 processing in the Agent condition facilitated transfer from implicit (i.e., eye movements) to 547 explicit (i.e., self-produced actions, verbal awareness) knowledge, as we discuss in the 548 following sections. action predictions that are generated in the motor system (Kilner, 2009 ).
566
As discussed in the introduction, developmental studies have shown that children 567 learn significantly better from observing an agent performing actions relative to other forms 568 of observational learning (Hopper, 2010 
